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Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: °F=(1.8×°C)+32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: °C=(°F-32)/1.8.
Vertical coordinate information is referenced to the insert datum name (and abbreviation) here for instance, "North American Vertical Datum of 1988 (NAVD 88) .
Horizontal coordinate information is referenced to the insert datum name (and abbreviation) here for instance, "North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum. fig. 1 ) and sampled selected water-supply wells and one spring to better delineate areas of groundwater use and to characterize groundwater quality prior to potential shale gas exploration in the State. Surface water supply for the study area also is available from the City of Sanford, in Lee County (http://www.ncwater.org/Water_Supply_Plan-ning/ Local_Water_Supply_Plan/report.php?pwsid=03-53-010&year=2012) ; accessed August 2014. The study period was from October 2011 through August 2012. Shale gas exploration has become economically viable in many areas of the United States (United States Energy Information Administration, 2013) as a result of improved directional drilling capabilities and high-volume hydraulic fracturing techniques. The quality of groundwater in drinking water aquifers near areas of shale gas drilling and production activities has been studied in several states including Pennsylvania (Osborn and others, 2011; Breen and others, 2007) , Arkansas (Kresse and others, 2012) , and Wyoming (Wright and others, 2012) . The compilation of baseline water well and groundwater-quality data in North Carolina makes possible future comparisons should drilling activities commence.
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (µg/L
In 
Purpose and Scope
The purpose of this report is to present well inventory and groundwater-quality data collected during January through August 2012 in northwestern Lee County and extreme southeastern Chatham County, North Carolina ( fig. 1 ). The study area was selected as a result of interest in exploration for shale gas resource extraction. Well inventory data were compiled to describe well construction characteristics, and the spatial distribution of active water-supply wells across the study area. From the 305 wells that were inventoried, a subset of 56 water-supply wells and 1 nearby spring were selected for sampling, based on available well construction data and access permissions. Analyses for collected groundwater-quality samples were tiered as a result of study funding limitations, with Baseline Well Inventory and Groundwater-Quality Data from a Potential Shale Gas Resource Area in Parts of Lee and Chatham Counties, North Carolina, October 2011-August 2012 the spatial groundwater-quality focus on major ion and dissolved gases (including methane) analyses for all 56 wells and the spring. As funding permitted, a subset of those selected wells (as many as 10 of the 56 wells) were sampled for additional analyses including dissolved metals; dissolved nutrients volatile and semivolatile organic compounds; glycols; isotopes of strontium, radium, methane (if sufficient concentration), and water; and dissolved organic and inorganic carbon.
Study Area
The study area ( fig. 1 ) was a previously delineated area having the most potential to develop shale gas based on available core and test drilling data and associated oil and gas "shows", (an indication of oil or gas noted while drilling a borehole or well), within the Sanford subbasin within the Deep River Basin of the Triassic Basin area of North Carolina ( fig.1) , as described by others (2011 and . The total area defined by this boundary is about 79 square miles ( fig. 1) Reinemund (1955) describes the topography of the Triassic rocks of the Deep River Basin as "lowland" because the geologic formations at land surface are more easily eroded than the surrounding crystalline rocks within the Piedmont Physiographic Province or nearby sand and gravel deposits in the Coastal Plain physiographic province. The Triassic Lowland in the Sanford subbasin generally is dissected, and generally has a trellised/rectangular drainage pattern, indicating geologic structural control. Land surface altitudes range from 205 to 493 feet (ft) (above NAVD 88; fig. 2 ).
Geology
The study area is located in the Deep River Basin of the Triassic Basin area in North Carolina, is within the Piedmont Physiographic Province of the eastern United States, and is part of a group of extensional basins that formed during the Mesozoic Era (Milici and others, 2012) . Geologic deposits within the Deep River Basin [regionally located within the Triassic Basin in North Carolina ( fig. 1) ] include the following sedimentary rock types: sandstone, conglomerate, shale, siltstone, claystone, coal, and small amounts of limestone and chert (Reinemund, 1955) . These deposits also have been intruded by mafic diabase dikes and sills during the later Jurassic period [North Carolina Geological Survey, 1985 (fig. 3)]. Geologic formations mapped by Reinemund (1955) at the land surface in the Sanford subbasin include the Sanford Formation, the Cumnock Formation, and the Pekin Formation ( fig. 3 ). These sedimentary rocks of the Deep River Basin were deposited as layers during early Mesozoic Era rifting of supercontinent Pangea and the opening of the Atlantic Ocean.
During rifting, the basin filled with clastic sediments, including alluvial fan, deltaic, lacustrine, and swamp deposits. The Deep River Basin is bordered to the east by a west-dipping, high angle, normal fault (Jonesboro Fault) ( fig. 4) . Intrabasinal faults also are mapped throughout the basin ( fig. 3 ) (Reinemund, 1955; Reid and Taylor, 2011) .
The natural gas resource reservoir rock in the study area is an organic-rich black shale (lacustrine gray and black finegrained clastic rocks, fig. 4 ) within the Cumnock Formation (figs. 3 and 4) in the study area in Lee and Chatham Counties. The Cumnock Formation is described as dominantly a black and dark gray shale with associated gray sandstone and coal, approximately 230 to 250 meters thick (about 750 to 820 ft) (Reid and Taylor, 2011) . The Cumnock Formation outcrops in the northern part of the study area ( fig. 3 ) and dips beneath the Sanford formation to the south/southeast (fig. 4) . Historic coal mining in the area was conducted during the Revolutionary War period in the late 1700s through the post-World War II Era. Small strip mining operations also were operated in the area again during the 1980s for a short time. Methane is known to be associated with these black shale/coal sequences as evidenced by the historic mine explosions at the Cumnock Mine (1895 and 1900) and Carolina Mine (1929) in study area (Reinemund, 1955) .
Eight oil and gas test wells have been drilled in the study area since 1974 (Reid and others, 2010) . Reid and Milici (2008) describe organic geochemical data, including oil and gas shows from test wells drilled in the study area. Milici and others (2012) provided an estimate of undiscovered oil and gas resources of the eastern U.S. East Coast Mesozoic basins (Milici and others, 2012, fig. 1 ). The assessment for the Deep River Basin included a mean estimate of 1,660 billion cubic feet of gas and 83 million barrels of natural gas liquids.
Aquifer System
The groundwater system in the Triassic Basin of North Carolina is part of the Early Mesozoic Basin national aquifer described in Trapp and Horn (1997) within the Piedmont Physiographic Province of the eastern United States. The aquifer in the Triassic Basin of North Carolina generally consists of weathered regolith material (soil, saprolite, alluvium, colluvium) at land surface and underlying bedrock sedimentary rock layers. In some areas, bedrock is exposed at land surface and very little if any regolith material may be present. Water-supply wells typically are cased through the weathered regolith and completed as open boreholes in the more competent sedimentary rock layers. Bain and Brown (1981) describe groundwater in the Triassic rocks of the nearby Durham subbasin (which is similar to the Sanford subbasin in rock composition and structure; located to the northeast of the study area, fig. 1 ) as occurring within the primary and secondary interstices of the rocks that have been enhanced by weathering and leaching of cement holding sedimentary grains in the rock together. The Triassic rocks of the Durham subbasin were described by Bain and 
Thomas (1966) as having inherent low porosity and permeability because they are continental type sediments, which are not well sorted. Much of the initial or primary porosity has been lost through diagenesis, lithification, and compaction, and the average well yield was reported to be low (Bain and Thomas, 1966) . Well yields in the Triassic Basin areas generally are considered low. In fact, multiple wells sometimes were inventoried on the same property, indicating challenges associated with obtaining enough water for supply needs. Differential weathering along lithologic contacts and bedding planes may enhance permeability in the aquifer. Additionally, secondary features including faults, joints, and diabase dikes ( fig. 3 ) may enhance permeability through openings, associated fracturing, or weathering near these features. The presence of diabase dikes may be a boundary for subsurface flow and "pooling" of groundwater resulting in higher well yields. In the study area, Reinemund (1955) presents detailed mapping of diabase dikes at the local scale. The Cumnock, Pekin, and Sanford Formations all outcrop at land surface, with the Sanford Formation being present in most of the area ( fig. 3 ) and representing the shallowest part of the local aquifer. (The Middendorf Formation ( fig. 3) is part of the younger Coastal Plain sediments rather than Triassic Basin rocks.) Specific information on which geologic units were tapped by wells sampled as part of this study was not available at the time of this report.
Methods
The approach for this study focused on the collection of well data, obtaining permission to sample private and public wells, and collecting water samples from selected wells. Well and spring sites in the study area were inventoried for this report from records available from the USGS National Water Information System (NWIS), the NC DENR Division of Water Resources, the Lee County Public Health Department, the Chatham County Public Health Department, and private well tag labels inventoried as part of field reconnaissance. Paper and electronic records were compiled and reviewed.
Data compiled from these well and spring records include date of construction, well depth, casing depth, static water level, yield, and owner information. Additional owner information was obtained from recent (2012) tax parcel records. Reported latitude and longitude values were used for public water supply wells and historic USGS NWIS sites. For all other sites, latitude and longitude values were estimated as the centroid of the land parcel where the well is located (with the exception of a few sites where the centroid of the parcel was not in the parcel, and in those cases, the latitude and longitude was shifted to plot inside the parcel). New data collected during this study were entered into the USGS NWIS Groundwater Site Inventory (GWSI) database. 3-]); field properties. All sample collection, handling, storage and shipping were done according to established procedures documented in the USGS National Field Manual (U.S. Geological Survey, variously dated). Field properties were monitored during well sampling purge, and samples were only collected after stabilization of those properties. Method instrumentation and reporting levels for all constituents are shown in appendix 1.
Sampling and Quality Assurance/Quality Control
Assessment of bias and precision of the analytical results included collection and analysis of various quality assurance and quality control (QA/QC) samples including field, trip, and source-solution blanks, field replicates, analytical duplicates, and surrogate compound analyses. Field-based QA/QC samples (blanks and replicates) accounted for between 14 and 50 percent of analyses within constituent suites and about 20 percent overall. Other QA/QC measures included review of laboratory blind blank and blind sample analyses as well as long-term method performance.
Data Summary
The following section describes the results of the study including a summary of well inventory and groundwaterquality data. All well locations (along with some construction information) and groundwater-quality data analyzed by the USGS National Water Quality Laboratory (Denver, Colorado) are stored online in the NWIS database at http://waterdata. usgs.gov/nc/nwis/inventory.
Water Well Data
Construction data were collected for 305 wells and 1 spring site in the study area. Nineteen wells (18 drilled, and 1 hand dug) were located in Chatham County and 286 wells (282 drilled, 3 hand dug, and 1 bored) and 1 spring were located in Lee County (fig. 5 , appendix 2, http://pubs.usgs. gov/ds/861/Appendix2.xls). Available well depth, casing depth, yield, and date of construction data are summarized in appendix 2. Well depth ranged from 26 to 720 feet below land surface (ft bls), with a median of 240 ft bls (figs. 6 and 7; appendix 2). Casing depth ranged from 5 to 211 ft bls, with a median of 42 ft bls. Yield ranged from 0.25 to 100 gallons per minute (gal/min), and median yield was 7 gal/min (figs. 7 and 8; appendix 2). Dates of construction ranged from 1850 to 2012. The oldest well was hand dug (appendix 2).
Within the compilation of inventoried wells, figure 5 also shows the locations of wells that were selected for sampling. The selection of wells for sampling was based on permissions obtained through public meetings, phone calls, e-mail requests, local newspaper articles, field reconnaissance of records compiled, location of the well within the study area, and the availability of well construction data, which at a minimum, included well depth information. A tiered approach to sampling analyses was conducted using the following groups of wells and associated analyses: the focus wells (3 total) included the most comprehensive list of as many as 204 constituents analyzed; the focus-reduced sites (8 total; 7 wells and 1 spring LE-279) included as many as 71 constituents analyzed; and the areal wells (46 total) included as many as 37 constituents analyzed. Wells were analyzed using existing pumps and evacuated for at least one casing volume and until field properties (water temperature, pH, specific conductance, and dissolved oxygen) stabilized. Duke University and the University of North Carolina at Chapel Hill also analyzed wells in the study area as part of a separate effort. Their sampling sites are shown in figure 5, but the associated data are not represented in this report.
Field Properties
The range of groundwater-quality properties measured in the field was quite variable. Dissolved oxygen ranged from 0.1 to 8. Figure 6 . Range of well depths inventoried across the study area. 
Major Ions
Major ions were analyzed in all samples, and concentrations were highly variable. Piper (1953) diagrams illustrate the distribution of groundwater types for the 35 samples, which had both major ions and nitrite plus nitrate values, and 19 samples, which had major ion analyses but lacked nitrite plus nitrate analyses ( fig. 12 ; Note that three samples-two from the set containing nitrite plus nitrate analyses and one that did not include nitrite plus nitrate analyses-exceeded the project's ten percent balance criteria for plotting on Piper diagrams). The more dominant groundwater type was calcium-bicarbonate, although major ion geochemistry varied widely, as indicated by the range of point distribution. The two wells having the highest specific conductance values were LE-178 and LE-185 (2,210 and 1,330 µS/cm, respectively; fig. 12A and appendix 3-1) . The sample collected from well LE-178 had a sodium-sulfate groundwater, with the highest values of those two constituents, as well as elevated calcium and chloride, and the highest values of several metals including strontium, lithium, molybdenum, and zinc (appendix 3-1). The sample from well LE-185 had a calcium-chloride-bicarbonate groundwater type that had elevated calcium, magnesium, sodium, and chloride; no metals analyses were completed for this well sample. The elevated major ion concentrations likely are the result of natural conditions with a longer residence time (exposure to the bedrock) where minerals have more time to dissolve in groundwater. Both wells are in close proximity to each other ( fig. 5 ), located south of the Governors Creek fault and northeast and along strike of diabase dikes ( fig. 3) , which may suggest effects from these geologic features through control of groundwater flow.
Dissolved Metals
Dissolved metals with notable concentrations (generally detections above 1 µg/L) in groundwater samples included aluminum ranging from less than 2.2 to 14.8 µg/L (median of less than 2.2 µg/L), arsenic 0.14 to 4.8 µg/L (median of 1.1 µg/L ), barium 11.6 to 257 µg/L (median of 99.5 µg/L), boron 5 to 825 µg/L (median of 16 µg/L ), chromium less than 0.07 to 3.4 µg/L (median of 0.23 µg/L), copper less than 0.8 to 30.8 µg/L (median of less than 0.8 µg/L), iron less than 3.2 to 4,490 µg/L (median of 5.3 µg/L), lithium (estimated) 1.46 to 38.1 µg/L (median of 7.07 µg/L), manganese less than 0.13 to 997 µg/L (median of 3.55 µg/L), nickel less than 0.09 to 1.5 µg/L (median of 0.37 µg/L), strontium 24.9 to 16,700 µg/L (median of 114 µg/L), and zinc 1.5 to 79.5 µg/L (median of 10.4 µg/L) (appendix 3-1).
Exceedances
Of the more than 200 field properties and constituents that were analyzed, only eight exceeded at least one waterquality standard set by either the U.S. Environmental Protection Agency or the State of North Carolina ( fig. 13 ; table 1; appendix 4-1 http://pubs.usgs.gov/ds/861/Appendix4. xlsx). With the possible exception of nitrate, these constituents likely are present naturally in the aquifer. Thirty-seven percent of samples contained pH values less than 6.5. Thirty-five percent of samples exceeded the State groundwater standard Reporting levels for 16 organic compounds were greater than their corresponding water-quality standard (appendix 4-2). None of these compounds were detected, but the higher reporting level precludes evaluating whether any of these standards were exceeded. About 100 additional constituents, both natural and anthropogenic, have at least one standard but either were not detected in groundwater samples or did not exceed any standard (appendix 4-3). More than 80 constituents included in the groundwater sampling study had no published water-quality standard (appendix 4-4).
Methane
Dissolved methane was analyzed in all 57 well and spring water samples by the USGS Chlorofluorocarbon (CFC) Laboratory in Reston, Virginia (see method instrumentation and reference list, appendix 1) and also was separately analyzed in 12 samples by a second laboratory (Isotech Laboratory, see reference list appendix 1) ( fig. 14; appendix 3 -5, 3-6) . Among all 57 samples, methane concentrations were relatively low, but ranged more than several orders of magnitude from below the reporting level (appendix 1) of 0.0005 to 0.48 mg/L. Thirty-five of the 57 samples (61 percent) had measured methane concentrations less than 0.0005 mg/L. For the subset of 12 samples analyzed by both laboratories, the USGS CFC laboratory reported a minimum concentration of less than 0.0005 mg/L, a maximum of 0.48 mg/L, and a median between less than 0.0005 mg/L and 0.0032 mg/L. The Isotech laboratory had an approximately seven-fold lower reporting level (0.00007 mg/L), and its median (between 0.00034 mg/L and 0.0031 mg/L) and maximum (0.33 mg/L) concentrations were similar to those determined for this subset of samples by . Field-measured properties of pH, dissolved oxygen, alkalinity, specific conductance, and temperature of well and spring water sampled in the study area. Figure 11 . Distribution of field specific conductance values measured in well and spring water sampled in the study area. the USGS laboratory. Only 1 sample of the 12 Isotech samples, well LE-262, had a methane concentration high enough to determine isotope concentrations (appendix 3-6). Only three samples had concentrations of dissolved methane gas above 0.1 mg/L (appendix 3). LE-262 was located in a Cumnock Shale outcrop area, and the other two samples, LE-191 and LE-087, were located near the Crawley Creek fault (figs. 3 and 5).
